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Abstract: To evaluate the self-centering performance and energy dissipation capacity of the pre-pressed spring
self-centering energy dissipation (PS-SCED) brace, the hysteretic behaviors of PS-SCED brace under horizontal
low cyclic loads are simulated and analyzed. Furthermore, the equations governing the responses of the PS-SCED
bracing system are provided after analyzing the characteristics of flag-shaped hysteretic responses, and the
restoring force model of PS-SCED brace is proposed based on the Bouc-Wen model. Comparisons between the
proposed model and the simulation results by ANSY'S are conducted to demonstrate the accuracy of the proposed
model, showing that the proposed restoring force model is accurate enough to describe the mechanical
performance of PS-SCED brace under dynamic loads, and good agreements between the calculated results by the
proposed model and simulated results by ANSY'S are observed. The proposed model has an important reference
value for the seismic analysis and design of self-centering energy dissipation braced frame structures.
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Fig.2 Mechanism of PS-SCED brace

552 B NAME U R AR XIE B B B KA
BB, BISCHERTZAM T P it /e Fo+Po<< P<Pmax
Piax 7& IR RAETE A Smax I FIT R I F) B KK 2
1o M BN ANE KRS, ARk P iR
25 N Ak, R Z Y B S PRI 3

MRS, R

K 2= 2Ks (6)
B BRIV )1 F) I RR N
F()=K,(6(1)-6) + R+ Fy )

53BN EB: FAREEE RS R B, B S
FIiR2 40 )1 P i JE Pra—2Fo<P<Ppax. M, BEHE
e E RSy ), R A AMNE R R AR AT B,
PRI BN 5565 1 B BOHE, BRI R /ANA Ky, 32
FEX AR F1 FORT RN N

F(t)=F —Fy + K, (G — ) +
K (0(2) = Ompax + ) (@)

5 AMEL: FFERE B WA SR B, RISz
FRZ A0 )7 P il & 0<P<Ppax—2Fo. %M BE N AN F
DR IES), SCE#NAWKEM B, g P 1
N R 2 5 R 1N AR 4L, WO B S S A2
JIWIEE B BERL, WIEESHARE, KN K,y X
FEXI K 7 F()rT R A

F(1)=K,0()+ R — F ©)

HNHEIFHIRTS PS-SCED S HIK Bt 5

FERETERE, E N LENSH CWT:
422%

F+ R
A, (KT PS-SCED IELEMIMIFERERE ST, ¢
FBKC T (A 2R bR vy . BbAh, FEIS b B AR
WIGE T 77 /2 0 o JIR JBE 4% 25 L 2 A1 1 B 42 0 B ]
SIS FR AR, W R —A B UARE
PS-SCED S ## 1 HIKEERE, (XHERRATE 6 K
Wkl 3 o, AILAEH, (<L, #FIeikRAR
¥, >LEF, MHFARRZY, HERREAENE
CHIBERIMIG R, TR 6 KANA:
_Kh-hK
r— Kz

(10)

(11)

1500

1000

W71/ kN

500 Fi - -

0 5 10 15 20 25 30 35
{2 F%/mm
B3 CRERRATE IR
Fig.3 The effect of {on residual deformation



VAl 2 119

2 PS-SCED % ##ixE Ht&Es!

PS-SCED 3¢ 4 it JE iy [ml R 4 R e T Al 8% 5 g
PR EMILFEEN . SRS RE 5RE 11
SUHRARMLIER R, WE IR AT ELAR T 2%
PRI ROR, W 4@)FTR, RSB TR
SCHENAMESRAL, W K=Ky, WS e H A REER
Ko W HE4E Almen-Laszlo® AR s . & 4(b) K
JEE PR B K 5T -0 # 0% B (1) B S P i [ AR,
HINIFE Ko RIFEH N AME LR U, Kn=Ki=Kg,
ZIEE Kep S IR T Fo ¥ HRT BE B2 B AR Rr
Mo MPAMRE JIBE B T [F— g p A F 3L [F) T AR
i, B2 A ] 4(c) B BT i el Hh 25 . e
i [ it 2 W B AU 2 I BTG ARAS I, )
MARTENE, HIERRTIE AR, A&REMNBAKE
PERE.

FA

S~ s
(c) PS-SCED 3 ##
K4 -k R ML

Fig.4 Restoring force-deformation behavior

JEE 4 55 B 2 AR A AR 2k 1k W B A
UL Bouc-Wen H RIS | 3y 2k MYk 55 7RI
R SCEHAA . 0T R MK AN % T A I A A
BB SRR 2 RN B, G5 a5 A M DA P
S S [ ol 2T 0 o, REREAE AR KT,
Bouc-Wen #:%8 [ 1967 fE42 H LISk %2 0, 144K
B 715 060 % i B A A1 e S50 AR 2 M
SOTREHR, BT AR AR SRR S,
A CAIR A R 26 1E AN [F) 28 7 JRE 450 S 1) i [ A
R3] BT Bouc-Wen #5754 31454 PS-SCED
SCHERZ iR, 3R PS-SCED Sz HE K J ARy,

JEER A 5 fras.
S

F K,
:i: Py+Fy 12 7
K=>F(t)= .

Bouc-Wenf#i 7l

K5 PS-SCED (WK E /iRy
Fig.5 Restoring force model of PS-SCED brace

N (<1 W, MR RAER, STERE AL
Bl e 2B, LS F) 5008 o) FEfE
SIS
K, -o(t) »

16(0) <5 +1)|< 8,

F(t)=1K,+ 8- z(t)- ¢ 1 2+sign(5(1))- B+ (12)
a-K,-(5() -sign(5(1)- 8,) »

|5(0) > 8,88 | 5t +1) <] 5(2) |< &,
b o NSIEEIRATERIZEL, B a=KalK1: z()
AT RN R, o R

(1) =5i[5<t>—y|5<t>|-z(t)-
0

|z =612z (13)
Xy A n NIIETIRSE, WRE TR/ E
M. NTRIEN AR R z()HE T, AR p+4=1.
S8 n RS 2 s DX I B2 P XRS5
PE, n BUEBCKR, TR -G048 Hh 2640 s Al et »
ML -
B>, MR EARRAY, SERE -
R 6 pron, WEI1 F()S5hi o()fise
LINDLINES

“+—>D(t)




120 T pi Val 2
K, -o(t) > 10 mm JE 158 SR, CAFE S i A A RE T Al
0<o(t)<o(t+1) <3, AILRE ST WAME K1 728 ARHRIISR A Q235

K, 8, 2(t)- ¢ 12 +sign(5()) - B, +
ak; - (o(t)—-sign(o(t))- o) >
0<5(t+1)<8(t)<d, L 6(t) >,
F({t)=1K,-ot)+ R - F, >
-0y +n<o(t+1)<o(t)<0
K, 8, 2(1)- ¢ 12 +sign(5()) - B, +
oK, - (50 ~sign(5(1))- &,) + (B — )
— 0y +n<S(t)<o(t+1) <0 By

ot)y<—o0,+n
(14)
A, B
R-h
=-0 °0 15
X, (15)
I A BRI B SRS EL Poy Fou Ky Al

Ky KB II-NiFe TR ZE y+ Bl n, PS-SCED 3¢
PR TR AT A R A IR FL B0 ) fr #VE R )
PERE .

K6 AR PS-SCED 34K J#A!
Fig.6 Restoring force model of PS-SCED brace with residual
deformation

3 HENTREERNIEL

NIAEA SCHTHR ) PS-SCED St 1Kk 5 /14
B E A Y, R MATLAB 4l
PS-SCED ¢ ## ¥ [l )& . 43 #r #2 )37, I 5 F H
ANSYS 257 [f] PS-SCED S ## SR BRI AR A 2 R
Ff BAE FH R 1 BB A0 85 B AT X E Bk e . A
Solid65 . o A5 UL 3¢ £ 9 Ah B KBS B R A
Combinl4 FLCHLARE, JFimid 5 B b ook
READL 7 $3 BE PR |, PS-SCED S A B o B i 78 4l
Bl 7 frs.

XK 2m, FME Y 300 mmx300 mmsx
7 mm AR A EE N, N NNAE 56 mm.
HME 70 mm B R B RN, AR R IR

M, FHARPARFIPEHCR ) Q345 Mbt, JEEHE R
0.5, M NIEEEL 26 KN/mm.

() FME IR IO

(b) PO SEAAk TR Y
Bl 7 PS-SCED (4% R ycizy
Fig.7 Finite element model of the PS-SCED bracing system

TEE 8 FoRMINE oL, WL Po A
260 KN, JBE#E ) Fo 505124 170 kKN 250 kN 300 kN
F11 350 kN I} PS-SCED SZ 4% ANSYS fifil &t 5
FEH T Bouc-Wen HERL [P & A R TH BT 45 1
X IEGL U E 9 A W LAE H, ik (<18 ¢>1,
AR 5 ANSY'S BN 45 5L it 28 sk &
FRPERL R o
NI E R E SR A R S ANSY'S 52
BB S AR ZE R R, B SRR ZE Je H:
J e :MxloO% (16)
| Fa
K, Fa M Fv 7350 9 e K INEAL % 4 D IsF ANSYS
AR E )1 5T SL ) PS-SCED 373k & iy
TR E I,

INEALF/ mm

0 2 4 6 8 10 12 14 16 18
i [7]/s
K8 In#irs
Fig.8 Loading scheme



r B % 121
B 1500 —— sefh i
1000F - - - - 457 Iyt Ry 1000f 777
z  S00F Z 500}
= ~
R 0F R of
= b
K 500 & -500¢
—-1000 —1000}
N ~1500f -
~1500 -30 20 -10 0 10 20 30 7:;0 72‘0 7]‘_0 (‘) 1‘0 2‘0 3‘0
{7 #/mm A2 FgImm
(@) Fo=170kN (d) F=350 kN
1500 PN S
tooo| —— SEfATITHLL B9 BUEB S SR B2 Tt L
z sl s Fig.9 Comparison between simulation results and calculated
-
i ok results by restoring force model

30 20 —10 0 10 20 30

{7 F%/mm
(b) Fo=250 kN

[ —— ST
e H

010 20 30
{7 #%/mm

() Fy=300 kN

-30 20 -10

LW TR /19 260 kN, BEHE 15373
59 250 kN 5 350 kN [N s RN aAr #% A A 25 3 5
AR WK I R SRS R AR 248, D
R KINEAIR , min{Je A max{Jie} 53 2w
FXT R ZE I ME S B ORE. WLAVEH, BEEIIA
250 kN Hf, AHXHRZE Jo 7T 0.2%~2.6%, BT
4 350 kN I, AHXFIRZE Je A2 T 0.6%~3.3%. Hiit
HEERATAL, E R EAERS N T ANSYS 5
PME, 5 ANSYS B0l 25 A4 5 408 R (1 I 4%
WEAEARTE . WEAEIK ST I eV G FEBERCT, S RARRY
WELE 3%/ AT, VLA IR IR B R
A 3%k PS-SCED S #1092 151k

®1 BEENMSKENEETEERENRE

Table 1 Relative error associated with the comparison between simulation results and calculated results by the restoring force model

D/mm

FolkN Min{Jie}/(%) Max{Jre}/ (%)
5 10 20 30 -5 -10 -20 -30
Fu/kN 635 765 1025 1285 -636 -766 -1026 -1286
250 0.2 2.6
FalkN 645 773 1028 1283 -653 -783 -1043 -1303
Fu/kN 731 861 1121 1381 -736 -866 -1126 -1386
350 0.6 3.3
FalkN 752 881 1137 1389 -761 892 -1154 -1420
N N2 Ayyay
4 2518 2 ANSYS RO HOR SRR, AR HER 1

AR SCEF R — o B T R K SRR RE SO
P, 454 ANSYS SUE LI SCHEIK B F1-10 7%
LR TS A, AR NI AR SR 2 RRES
4 NE, Bl TEBAMBURE I E T . Bk
T Bouc-Wen #5842 7 PS-SCED Sz H# fk 5 Jik
B, SR MATLAB $U{E 15 B 1 5 EX KR -6 %
PR RIS 45 Rl 4T T 300E, 55 ANSYS
FEALI] PS-SCED ¥ SRR 43 Bt 45 AT T X
EEWT 7T . 45 B E7R, PS-SCED S #KE i n 4
Rork S A R AR R (I ER A AL . IR E R R
71, ERMIGHRZEAE 3% A AT, HARE JREAR A

Fi& PS-SCED STHEAESN /i 8 AF F T 10 75245k

EEPEE

[11  BVEAk, R, BRI, ATV D REHURR 4518 1 R AT
RN WETRES TRERSN, 2014, 34(4): 130—
139.

L0 Xilin, Zhou Ying, Chen Cong. Research progress on
innovative earthquake-resilient structural systems [J].
Journal of Earthquake Engineering and Engineering
Vibration, 2014, 34(4): 130—139. (in Chinese)
Christopoulos C, Tremblay R, Kim H J, et al
Self-centering energy dissipative bracing system for the
seismic resistance of structures: development and

(2]



122

T ®

71

22
F

(3]

[4]

[5]

(6]

[7]

(8]

(9]

validation [J]. Journal of Structural Engineering, 2008,
134(1): 96—107.

Tremblay R, Lacerte M, Christopoulos C. Seismic
response of multistory buildings with self-centering
energy dissipative steel braces [J]. Journal of Structural
Engineering, 2008, 134(1): 108—120.

Erochko J, Christopoulos C, Tremblay R. Design, testing,
and detailed component modeling of a high-capacity
self-centering energy-dissipative brace [J]. Journal of
Structural Engineering, 2014, 141(8): 04014193-1 —
04014193-12.

Erochko J A. Improvements to the design and use of
post-tensioned self-centering energy-dissipative (SCED)
braces [D]. Canada: University of Toronto, 2013.

Zhu S, Zhang Y. Seismic analysis of concentrically
braced frame systems with self-centering friction
damping braces [J]. Journal of Structural Engineering,
2008, 134(1): 121—131.

Zhu S, Zhang Y. Performance based seismic design of
steel braced frame system with self-centering friction
damping brace [C]// Proceedings of the 18th Analysis
and Computation Specialty Conference, Vancouver,
British Columbia, Canada, 2008: 1—13.

Zhu S, Zhang Y. Seismic behavior of self-centering
braced frame buildings with reusable hysteretic damping
brace [J]. Earthquake Engineering and Structural
Dynamics, 2007, 36(10): 1329—1346.

GB/T 1972-2005, R FEE[S]. Abat: o FE bRt b i
#, 2005.

GB/T 1972-2005, Disc spring [S].
Standards Press, 2005. (in Chinese)

Beijing: China

[10]

[11]

[12]

[13]

[14]

[15]

Caughey T K. Sinusoidal excitation of a system with
bilinear hysteresis [J]. Journal of Applied Mechanics,
1960, 27(4): 640—643.

Wen Y K. Methods of random vibration for inelastic
structures [J]. Applied Mechanics Reviews, 1989, 42(2):
39—52.

r e g, TRER, AR, R0, TR [ il SRR
IR S T R T[], TRE 1%, 2011, 28(6):
19—28.

Gao Xiangyu, Zhang Hui, Du Haiyan, Liang Feng, Yin
Xuejun. Study on characterization and modeling of
buckling-restrained brace [J]. Engineering Mechanics,
2011, 28(6): 19—28. (in Chinese)

RBE, iz, BHR. AR R JE 48 I A 5T
[3]. THEJ1%, 2012, 29(3): 150—155.

Wu Congxiao, Zhou Yun, Deng Xuesong. Experimental
study on steel-lead viscoelastic damper [J]. Engineering
Mechanics, 2012, 29(3): 150— 155. (in Chinese)

B, RN, R, TR, BIRARRLE S ARt
Rt i), TR, 2012, 29(8): 94—
100.

L0 Yang, Xu Longhe, Li Zhongxian, Ding Yang. Optimal
design of MR dampers and seismic damage control of
structures [J]. Engineering Mechanics, 2012, 29(8): 94—
100. (in Chinese)

Az, RN, IR HREE R E S T A BFF
5RHAP]. TR A2, 2009, 26(34 11 2): 80—90.

Zhou Yun, Wu Congxiao, Deng Xuesong. Development,
research and application of lead viscoelastic damper [J].
Engineering Mechanics, 2009, 26(Suppl 2): 80—90. (in
Chinese)



